CNA1 and CNA2 encode isoforms of the catalytic subunit of calcineurin, a Ser/Thr-specific phosphoprotein phosphatase regulated by Ca 2þ /calmodulin. The relative abundance of both transcripts was evaluated during growth of Saccharomyces cerevisiae in glucose by reverse-transcription polymerase chain reaction using PDA1 mRNA as a novel internal standard. CNA1 and CNA2 were concomitantly transcribed with different average expression ratios at the exponential and stationary growth phases and both showed a remarkable drop in the expression at diauxie. Prolonged hyper-osmotic shock resulted in a moderate induction of CNA1, whereas CNA2 expression was not affected.
Introduction
Calcineurin is a highly conserved Ca 2þ /calmodulin-activated Ser/Thr-speci¢c phosphoprotein phosphatase [1] that plays an important role in coupling Ca 2þ signal to cellular responses principally by mechanisms involving transcriptional regulation [2] . In mammalian systems, calcineurin helps control T-cell activation and proliferation, skeletal muscle di¡erentiation, neutrophil chemotaxis, memory, cardiac hypertrophy, angiogenesis and apoptosis (for a review, see [3] ).
In Saccharomyces cerevisiae, calcineurin acts on ion homeostasis, salt stress adaptation, recovery from pheromone-induced growth arrest and regulation of alkaline pH-mediated growth [3] , modulating gene expression and ion transport in response to calcium signals. Calcineurin acts upstream to the transcriptional factor Tcn1/Crz1 by regulating its sub-cellular localization. When dephosphorylated by calcineurin, Tcn1/Crz1 is rapidly translocated from cytosol to nucleus [4] , where it activates the transcription of several genes, including the Ca 2þ /ATPase genes PMR2, PMC1 and the glucan synthase gene FKS2 [5] . A recent genome-wide analysis of gene expression has extended to 163 the genes that display calcineurin-dependent induction mediated by the calcineurin/Crz1p signaling pathway in S. cerevisiae [6] . The calcineurin holoenzyme is a heterodimer of a catalytic A subunit (CnA) and a regulatory B subunit (CnB) tightly bound through hydrophobic interactions [7] , which have been highly conserved through evolution. In yeast, CnA is encoded by two homologous and redundant genes, CNA1 and CNA2 [8] , that are translated into proteins with predicted molecular masses of 63 and 68 kDa, respectively, showing high homology to the catalytic subunit of mammalian calcineurin. In mammals, calcineurin isoforms have speci¢c tissue distributions [9] and also di¡erential subcellular localization, pointing to a specialized role of these isoforms in cellular regulation.
The existence of two isoforms for the calcineurin catalytic subunit in yeast raises the question whether they play redundant or distinct roles in calcium signal-transduction pathways. Data concerning the function of CnA isoforms in S. cerevisiae are scarce, and it is unknown if they have di¡erent sub-cellular locations. We addressed these questions by evaluating the relative abundance of CNA1 and CNA2 transcripts during growth of S. cerevisiae in glucose using reverse-transcription polymerase chain reaction (RT-PCR), a technique not commonly used to evaluate relative mRNA abundance in this organism.
Materials and methods
2.1. Yeast strains, growth and stress conditions S. cerevisiae strains used were W303-1A (Mata ade2-1 trp1-1 leu2-3,2-112 his3-11,15 ura3 can1-100), YPH499 (MATa ura3-52 LYS2-801 ade2-101 Trp63 his3-200 leu2-1) and their isogenic strains MCY5-2A (cna1: :URA3), MCY28 (cna2: :HIS3) and MCY100-14A (cna1: :URA3 cna2: :HIS3). Cells were grown in YPD-supplemented medium (1% yeast extract, 2% bacto-peptone, 2% glucose and 0.01% of appropriate auxotrophic requirements) at 160 rpm and 29 ‡C. Early exponential growth cells (0.5 mg (dry wt) ml 31 ) were exposed to severe osmotic stress by transferring half of them to a YPD medium with the water activity, a w , adjusted to 0.936 with NaCl 1.7 M. Cells were kept at 29 ‡C on an orbital shaker and samples were taken immediately after transfer and at 1^6 h intervals. Cell growth was followed by turbidity measurements at 570 nm.
Total RNA isolation and DNase I treatment
Total RNA was isolated from 10 mg (dry wt) of cells as previously described [10] and treated with RNase-free DNase I to eliminate DNA contamination. In brief, 50 Wg of RNA was mixed with 5 Wl of 10U DNase I bu¡er and 88U of DNase I (Life Technologies) into a ¢nal volume of 50 Wl and incubated at 37 ‡C for 1 h. The reaction was stopped by the addition of 1 Wl of 20 mM EDTA, pH 8.0, followed by incubation at 37 ‡C for 1 min before inactivation of DNase I at 65 ‡C for 15 min. RNA was puri¢ed by extraction with phenol:chloroform (5:1) and precipitated with ice-cold ethanol. RNA was quanti¢ed by spectrophotometry and its quality was checked by gel electrophoresis.
Semi quantitative RT-PCR
mRNAs were ampli¢ed by using the kit Ready-to-Go RT-PCR Beads (Amersham Pharmacia Biotech) in a GeneAmp PCR System 2400 (Perkin Elmer) with 1 Wg of total RNA as template and 20 pmol of each of the appropriate primers (Table 1 ) into a ¢nal volume of 50 Wl. Synthesis of cDNA was performed at 50 ‡C for 20 min before inactivation of reverse transcriptase at 95 ‡C for 10 min. Ampli¢cation of cDNA by PCR was performed for 30 s at 95 ‡C, 30 s at 65 ‡C and 1 min at 72 ‡C for 30 cycles. 5 Wl of each RT-PCR reaction was run on 1.3% agarose gel in 1U TAE bu¡er, pH 8.0, and stained with aqueous ethidium bromide (0.5 Wg ml 31 ). Ampli¢cation e⁄ciencies were evaluated by densitometric analysis using the Jandel SigmaGel software (Jandel Corp.).
Statistical analysis
The results, expressed in arbitrary units, are given as means þ S.D. Student's t-test for dependent samples was used to evaluate all paired samples. The assumption was made that the di¡erence between the paired samples followed a normal distribution. Tail probabilities of 0.05 were considered signi¢cant.
Results

ACT1 and PDA1 transcripts were suitable as internal standards for RT-PCR
To get accurate results on mRNA levels it is necessary to compare the levels of the mRNA studied to an internal standard, correcting for possible experimental variations of RNA cargo in the assays. Here, we evaluated the suitability of two housekeeping genes^PDA1 (that encodes the E1-K subunit of pyruvate dehydrogenase complex) and ACT1 (that encodes actin)^to serve as internal standard in RT-PCR assays. ACT1 has been used as an internal standard for evaluating yeast mRNA [11] . However, ACT1 transcription is abolished in stationary-phase cells [12] or in heat-shocked cells (our observation), which makes it useful as an internal standard for evaluating mRNA abundance only under speci¢c conditions. PDA1 mRNA was suggested as an alternative for ACT1 transcript as an internal standard in Northern blot analysis, [12] , but PDA1 has not yet been used as an internal standard in RT-PCR. Therefore, we compared the expression of these two genes along the growth in glucose medium ( Table 2) . Expression of ACT1 showed no signi¢cant variation at the ¢rst exponential and diauxic phases (about 200 a.u. (arbitrary units)). However, it was increased 1.4-fold during the second exponential phase (when compared to its level at the end of the ¢rst exponential phase) and dropped drastically in the stationary phase, where ACT1 transcripts were not detectable. As a component of the cytoskeleton, actin must be actively produced during cell growth and division, so the mRNA transcription might not be expected to occur at other than the exponential growth stage. On the other hand, no signi¢cant variations were observed when PDA1 transcription was examined at the ¢rst exponential growth phase up to a cell density of 3.2 mg (dry wt) ml 31 (from 96 þ 37 to 169 þ 23 a.u.). At the diauxic phase (3.6 mg cell (dry wt) ml 31 ) there was a signi¢cant decrease in the level of this mRNA (69 þ 10), that returned to a higher level at the second exponential phase and was sustained up to stationary phase. In conclusion, PDA1 transcript could be used as an internal standard for mRNA evaluation at all growth stages except during diauxie, whereas the use of ACT1 should be avoided at the stationary phase. ACT1 and PDA1 transcripts can be used as internal standards for yeast mRNA quanti¢cation by RT-PCR only if the growth stage of the cells has been well de¢ned.
Di¡erential abundance of CNA1 and CNA2
transcripts during growth in glucose
The distinct functional role of the CnA isoforms was addressed by analyzing the expression of each gene at di¡erent growth stages. Primers used for ampli¢cation of CNA1 and CNA2 transcripts (Table 1) were designed to bind within the region substituted by the insertion of URA3 or HIS3 sequences in strains MCY5-2A (cna1: :URA3), MCY28 (cna2: :HIS3) and MCY100-14A (cna1: :URA3 cna2: :HIS3). These primers generated amplicons of the expected sizes : 629 bp for CNA1 (Fig. 1,  lanes 1 and 3) and 551 bp for CNA2 (Fig. 1, lanes 1 and 2) when RT-PCR was performed with total RNA obtained from strains harboring the intact gene. No ampli¢cation was obtained when the double mutant (cna1cna2) was assayed with the CNA1 or CNA2 set of primers (Fig. 1,  lanes 4) . The PDA1 transcription rate was used as an internal standard.
To fully assess the range of expression levels for CNA1 and CNA2 genes, total cellular RNA isolated from yeast cells harvested at di¡erent growth stages were analyzed ( Fig. 2A,B) . CNA1 and CNA2 transcripts were found in Table 2 ACT1 and PDA1 mRNAs as standards for quanti¢cation of transcription in S. cerevisiae Samples of RNA were treated with RNase-free DNase I and ampli¢ed by RT-PCR, using the primers listed in Table 1 . RT-PCR products were run on a 1.3% agarose gel and stained with ethidium bromide. Amounts of mRNA were determined by densitometric analysis of each gel and the values were expressed in arbitrary units (a.u.). Data represent means þ S.D. of three independent experiments. *Signi¢cantly di¡erent from the expression of ACT1 at the end of the ¢rst exponential phase (P 6 0.05). **Signi¢cantly di¡erent from the expression of ACT1 at the ¢rst exponential, diauxic and second exponential growth phases (P 6 0.05). ***Signi¢cantly di¡erent from the expression of the PDA1 at the end of the ¢rst and second exponential phases (P 6 0.05). a Total RNAs were isolated from cells at di¡erent time points during the ¢rst exponential growth phase. b Total RNAs were isolated from cells at di¡erent time points during the diauxie growth phase. c Total RNAs were isolated from cells at di¡erent time points during the second exponential growth phase. d Total RNAs were isolated from cells at di¡erent time points during the stationary growth phase. exponential and stationary stages of growth in glucose medium, although with di¡erent relative abundance. At diauxie, corroborating a previous report [13] (http://genome-www.stanford.edu/Saccharomyces/), the mRNA levels of both genes showed a remarkable drop, mainly for CNA1, which was barely detected. Excluding the diauxic phase, transcript abundance varied over 1.5^3.1-and 1.52
.0-fold for CNA1 and CNA2, respectively (Fig. 2B ).
CNA1 and CNA2 mRNA levels after a hyper-osmotic shock
In yeast cells, calcineurin shares in a signaling route speci¢cally required for the adaptation to high salt [14] . To assess the e¡ect of saline stress on CNA1 and CNA2 expression, mRNA levels for both genes were monitored in time-course experiments from 1 to 6 h, after a shift to 1.7 M NaCl (a w 0.936).
Exposure of cells to such a condition of stress did not result in a substantial transcriptional response for the calcineurin genes: observed changes ranged from weak^a two-fold increase in CNA1 transcription, even after prolonged exposure (6 h)^to no change, as obtained for CNA2 (Fig. 3) . The transcriptional induction of CNA1 can be concluded to be due to the hypertonic shock since no cell growth was observed during the exposure to 1.7 M NaCl, thus eliminating the growth-dependence expression of calcineurin genes ( Fig. 2A,B) .
Evaluation of transcriptional response after a severe saline stress must take into account the time of response. When a high osmolyte concentration is used^1.4 M NaCl a w 0.954^the induction of the osmo-sensitive genes is delayed and the highest level is observed after at least 2 h of exposition [15] . Our data (from 1 to 6 h of exposition to 1.7 M NaCl) can be compared to those obtained previously [16] that used the genome-wide DNA chip analysis to study the transcriptional response of yeast cells to two di¡erent saline stresses : 0.4 M NaCl for 10 min and 0.85 M NaCl for 20 min (http://www.quiro.uab.es/Jarino/microchips_data/Posas_2000/). In both studies, CNA1 and CNA2 were not recognized as responsive genes to saline stress.
The results obtained here indicated that an increase in CNA1 and/or CNA2 expression is not necessary to elicit the calcineurin-dependent saline stress protection. Instead, Table 1. RT-PCR products were run on a 1.3% agarose gel and stained with ethidium bromide. Superscripts on cell densities indicate the corresponding growth phases: a, ¢rst exponential ; b, diauxie; c, second exponential ; and d, stationary. B: CNA1 and CNA2 gene expression at di¡erent growth stages. Data represent means þ S.D. of three independent experiments performed as described in panel A. Band intensity was determined by densitometrical analysis and the values were expressed in arbitrary units (a.u.). Black bars represent mRNA encoding for CNA1 and white bars, for CNA2. Fig. 3 . Changes in expression of CNA1 and CNA2 genes after exposure of the cells to hyper-osmotic stress. A: Total RNA isolated from control and salt-stressed cells was treated with RNase free DNase I and ampli¢ed by RT-PCR using CNA1, CNA2 and ACT1 pairs of primers. RT-PCR products were run on a 1.3% agarose gel and stained with sybr green (Molecular Probes). YPH499 strain (0.5 mg (dry wt) ml 31 ) (line 2) was transferred for 1 h (lane 3), 3 h (lane 4) and 6 h (lane 5) to a fresh YPD medium containing 1.7 M NaCl (severe saline stress). P, 1000 bp DNA ladder. a pre-existent calcineurin pool appears to be su⁄cient for mediating the saline stress response. Recently it was demonstrated that a hypertonic shock provokes a transient increase in cytosolic Ca 2þ by activating Ycp1p, a vacuolar membrane protein with homology to transient receptor potential channels and consequently releasing vacuolar Ca 2þ . High cytosolic Ca 2þ can be complexed to calmodulin, and then activates the pre-formed calcineurin [17] . Our results indicated that CNA1 and CNA2 displayed a near-constitutive pattern of expression along the growth of S. cerevisiae in glucose, except at diauxie. However, it is uncertain that these lower CNA1 and CNA2 mRNA levels at diauxie result in a corresponding lower abundance of Cna1p and Cna2p. Indeed, barring post-translational modi¢cation, the N-terminal rules predict half-lives of more than 20 h for Cna1p and Cna2p, making it di⁄cult to expect that protein levels could respond quickly to a drop in mRNA abundance. On the other hand, it has been reported that calmodulin-binding proteins [18] and phosphoprotein phosphatases [19] contain PEST sequences that serve as conditional signals to target proteins for rapid destruction by the ATP/ubiquitin-dependent and/or the ATP/non-ubiquitin-dependent proteolytic pathways [20] .
The primary sequences of Cna1p and Cna2p were used as query for the PEST¢nd program (www.at.embnet.org/ embnet/tools/bio/PEST¢nd), which revealed the presence of one putative PEST sequence in Cna1p and two in Cna2p (Fig. 4) . The unique putative PEST sequence in Cna1p was located at the C-terminal of the catalytic domain, whereas in Cna2p the two PEST sequences were found in the N-terminal portion of the catalytic domain and near the calmodulin-binding site, respectively. By homology comparison with the structure of human calcineurin we found that the unique Cna1p PEST sequence and the N-terminal PEST sequence of Cna2p are localized between the catalytic and regulatory domains and that both sequences assume a random coil conformation. Interestingly, the calmodulin-binding site of Cna2p (500-HRRK-ALRNKILAVAKVSRMYSVLR-523) presents additional interesting features [21] . It is £anked at the N-terminus by a classical nuclear localization signal (HRRK) absent from Cna1p due to a HCT substitution at the corresponding position and at its C-terminus by a putative phosphorylation site at Ser520 (S473 at Cna1p). A conserved site has been shown to be phosphorylated in vitro by casein kinase II (RVFpSVLR) in the bovine brain calcineurin [22] . Conditional proteolysis mediated by PEST sequences (activated by phosphorylation or another as yet unidenti¢ed signal) and di¡erential sub-cellular localization could regulate Cna1p and Cna2p abundance, independently of alterations in their mRNA levels. Further studies are necessary to elucidate these points.
